Abstract-A new automatic computer-controlled system for ac curate measurement of the resonant frequency and Q factor of radio frequency and microwave resonant circuits was developed and tested. In this system, the inflection points of the resonance curve are identified through a process of mathematical evaluation using an on-line digital computer and utilized to calculate the resonant frequency and the Q factor. The primary advantage of the system is that the results are independent of the resonant circuit characteristics at the resonant frequency and the 3-dB points, amplitude and frequency drift of the signal source, as well as detector instabilities. An experimental system operating between 1 and 2 GHz was designed, assembled, and tested with a laboratory minicomputer PDP 11/34 used for data acquisition and processing, as well as for overall system control. The measured range of Q factors is 100-1500, with estimated uncertainties of 40 ppm in the resonant frequency and 7 percent in the Q factor for a resonant circuit with a Q factor of 1000.
INTRODUCTION
T HE NEED for measurement of resonant circuit param eters L, C, and Q arises because of the use of such circuits to monitor electrical and nonelectrical parameters both in the laboratory and in industry. Resonant circuits are also used to study intrinsic properties of materials, the permittivity e and the permeability μ. The resonant circuits are used as sensors for measurements of nonelectrical quantities, paticularly in adverse conditions such as extreme temperatures, intense nuclear radiation, and the presence of high electric and mag netic fields. The resonant frequency and Q factor of the circuit are functions of the monitored parameter and may provide continuous information if measured continuously. Typical applications include monitoring moisture content, liquid hy drogen density, size and volume of food products, temperature in nuclear reactors, cryogenics, and measurement of the di ameter of dielectric fibers and metal wires.
Systems for the measurement of resonant frequency and Q factor have been investigated quite extensively [ 1 ]- [ 15] . Most of these systems use frequency sweep techniques to obtain the resonant circuit response as a continuous function of frequency. These systems generally detect transmitted signal (amplitude or phase) characteristics at resonance and the 3-dB points and are thus dependent on the detector characteristics. Also, if the measurement process is slow, signal source and detector in- stabilities cause additional errors. These systems require precise measurement of the 3-dB point bandwidth-which is difficult to measure accurately, especially for high-(? cir cuits.
PRINCIPLE OF OPERATION
A different approach was selected in this research [16] . The inflection points of the resonance curve are identified by a process of mathematical evaluation. At the inflection points, the second derivative is equal to zero and the first derivative reaches peak positive and negative values. Therefore, by identifying the points where this occurs, the frequencies of the inflection points can be determined. The resonant frequency and Q factor are related to the inflection point frequencies. The measurement system can operate at radio (RF) and microwave (MW) frequencies. 1 Fig. 1 shows a block diagram of the system. The principle of operation can be best explained discussing the functions of the system which can be classified into two groups, namely data acquisition and data processing.
In the data-acquisition phase, the resonant circuit response is obtained on a point-by-point basis over a selected sampling range. The data are collected as follows: The voltage-controlled oscillator (VCO) is tuned to provide a signal at a certain fre quency, through the D/A converter; the resulting resonant circuit output as well as the input signal are detected and in troduced into the computer through the A/D converter channels. The transmission loss, which is the ratio of the res onant circuit output to the input is then stored along with the 1 The system described here was designed and tested to operate at micro wave frequencies, the basic principle, however, can be used at other frequencies.
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Any change occuring in the input data is thus recorded immediately. The effect of this change can be noticed after the data-processing stage in the calculated values of the resonant frequency and Q factor.
The data-processing stage starts at this point. Once the response has been sampled, digitized, and stored the inflection points are found numerically. The accuracy with which the inflection points can be identified depends on the intersample spacing, the VCO frequency uncertainty, and the signal/noise ratio of the detector output. Smoothing techniques are used on the stored input data to reduce the effects of frequency uncertainty and noise. The smoothing algorithm performs least squares interpolation of degree one on three successive data points at a time. Once the data are smoothed, numerical dif ferentiation algorithms are used. These algorithms evaluate the Lagrangian interpolation polynomial of degree two or four which is applied to three or five consecutive points, respectively [17] .
The truncation errors e^> and e 5 for the three-and five-point Lagrangian interpolation polynomials, respectively, evaluated at the inflection points are
The maximum absolute values of the first derivative at the inflection points are of the order of 10~3 Hz -1 . Therefore, these truncation errors are considered acceptable.
Once the inflection points are found, the corresponding frequencies are identified and resonant frequency and Q factor are calculated using the following approximate equations:
where/i and/ 2 are the inflection point frequencies. The ap proximation resulting from these equations is quite good for ^-factor values larger than 100. Fig. 2 presents the approxi mation error in the resonant frequency and the Q factor of the test circuit.
ADVANTAGES O F THE SYSTEM
The primary advantage of the system is that the system is independent of the transmission characteristic of the resonant circuit and the detector characteristic, at the resonant fre quency and at the 3-dB points.
The measurement process in its present form is not partic ularly fast as the complete measurement cycle which includes approximately twenty repetitive measurements, takes ap proximately 20 s primarily due to the limitations of the fre quency counter. However, with certain modification of the numerical techniques as well as use of a faster frequency counter, it is possible to reduce this time to a few hundred milliseconds. The system is completely automated; a command file is used to run the measurement system continuously, providing a printed output of Q factor and resonant frequency at the end of each measurement.
EXPERIMENTAL A R R A N G E M E N T
To verify the concept, an experimental system was designed, assembled, and tested. The operating frequency was 1 GHz, and the range of Q factors measured was 100-1500. The sys tem was built using commercially available components. 12-bit A/D and D/A converters were used to interface the microwave part with a laboratory minicomputer system PDP 11/34, which was used for control and processing. A NAVTEL model 4950A counter was used to measure the frequency with the output being introduced directly to the digital input lines of the DR 11-K interface of the computer. Fig. 3 shows the experimental arrangement. To obtain high accuracies of the measured fo and Q factor, the intersample spacing must be small. In the experimental system the spacing was 25 kHz, to take into account an uncertainty of ±10 kHz in the VCO frequency. Drift in the VCO frequency and power level were found to be negligible.
Other factors affecting the accuracy of the measurement are noise levels at the detector output. Band-limiting amplifiers were used to increase the signal levels in order to cover the dynamic range of the A/D converters (±5 V), while reducing the noise levels.
EXPERIMENTAL R E S U L T S Table 1 shows some typical results obtained with repetitive measurements obtained for resonant circuits with Q factors of 470 and 1100. Table II compares the theoretical and ex- A computer-controlled digital system for measurement of resonant circuit characteristics at RF and MW frequencies was developed. Since numerical methods are used to identify the inflection points, it is possible to obtain a high degree of accuracy.
TABLE II COMPARISON O F THEORETICAL AND EXPERIMENTAL UNCERTAINTIES FOR T H R E E RESONATORS WITH D I F F E R E N T Q FACTORS
The largest component in the uncertainty of the measured inflection point is the uncertainty of the VCO frequency. Frequency and power-level drifts are negligible. The effects of the D/A converter resolution, A/D converter quantization error, and counter uncertainty are small. Thus the accuracy and speed of the measurement can be improved considerably by using a faster VCO with better frequency stability (smaller jitter) as well as a faster frequency counter. Further im provements are also possible by using more effective numerical algorithms. 
